Vaccinia viruses defective in the essential gene coding for the enzyme uracil DNA glycosylase (UDG) do not undergo DNA replication and do not express late genes in wild-type cells. A UDG-deficient vaccinia virus vector carrying the tick-borne encephalitis (TBE) virus prM/E gene, termed vD4-prME, was constructed, and its potential as a vaccine vector was evaluated. High-level expression of the prM/E antigens could be demonstrated in infected complementing cells, and moderate levels were found under noncomplementing conditions. The vD4-prME vector was used to vaccinate mice; animals receiving single vaccination doses as low as 10 4 PFU were fully protected against challenge with high doses of virulent TBE virus. Single vaccination doses of 10 3 PFU were sufficient to induce significant neutralizing antibody titers. With the corresponding replicating virus, doses at least 10-fold higher were needed to achieve protection. The data indicate that late gene expression of the vaccine vector is not required for successful vaccination; early vaccinia virus gene expression induces a potent protective immune response. The new vaccinia virus-based defective vectors are therefore promising live vaccines for prophylaxis and cancer immunotherapy.
Vaccinia virus is a useful tool for research and vaccine development, serving as a means to synthesize biologically active proteins and to investigate mechanisms of humoral and cellmediated immunity. Attenuated vaccinia virus and poxvirus strains are candidates for live vaccines and for cancer therapy (24, 25) . Most classical vaccinia virus vaccine strains, however, do not meet modern standards of safety, and experimentation using laboratory strains requires biosafety measures. The selective deletion of virulence factors and the construction of highly attenuated strains have been achieved through genetic engineering (30) . A different approach toward the design of safe vaccinia virus-based expression and vaccine vectors, however, is the construction of defective vaccinia viruses in complementing cell lines by deletion of at least one essential gene and further modification of the defective virus by enhancing or decreasing activities of genes modulating the immune response, resulting in vectors suitable for vaccination or gene therapy. We have recently constructed permanent cell lines that fully complement a prototype vaccinia virus defective in an early gene coding for viral uracil DNA glycosylase (UDG) (14) . This virus is blocked in its life cycle prior to late gene expression and is therefore further designated as late defective. With the aim of developing late defective vaccinia viruses as vaccine vectors, we now report growth and expression characteristics of such replication-incompetent vaccine vectors. The membrane-bound tick-borne encephalitis (TBE) virus prM/E protein was chosen as a model antigen in the vaccination study because prM/E proteins are good immunogens in many flaviviruses (for reviews, see references 12 and 32). Attempts to develop a live vaccinia virus-based TBE virus vaccine have been reported recently; a vaccinia virus vector expressing the C-prM-E-NS1-NS2A-NS2B-NS3 region was found to efficiently protect mice (6) . Protection was also elicited by a replication-defective adenovirus vector expressing the TBE virus glycoprotein NS1 (16) . The primary goal of this study was to evaluate the vaccine properties of an engineered late defective vaccinia virus vector with respect to those of a corresponding replicating vector, using TBE virus antigen expression and mouse protection experiments as a model system.
MATERIALS AND METHODS
Virus and cell lines. The African green monkey kidney cell lines CV-1 (ATCC CCL-70) and Vero (ATCC CCL-81), the rabbit kidney cell line RK13 (ATCC CCL-37), and the Western Reserve (WR) strain of vaccinia virus (ATCC VR119) were obtained from the American Type Culture Collection. The cell line RK-D4R-44.20 is described elsewhere (14) .
Construction of plasmids. (i) pTKselP-tSpME.
To delete the internal NcoI site in the gene encoding protein E, a prM/E NcoI gene cassette was created by PCR using cDNA plasmid pBA5 (20) as the template. The 5Ј portion encoding prM and the amino-terminal part of protein E was synthesized with the PCR primers pPCR1783 (CTACCATGGC GTGGATGAGC TGGTTGCTGG TC) containing the transcriptional start codon and pPCR524 (CTGGATCCAG TTT TGCGCGC CCTCATGTTT CCAAGGCAGA GCCAG). The region encoding the C-terminal half of protein E was amplified from cDNA with the primers pPCR523 (CTGGCTCTGC CTTGGAAACA TGAGGGCGCG CAAAACTG GAC) and pPCR1784 (CAGTCGACCA TGGACTAGTT AACTACGCCC CCACTCCAAGG GTCA), introducing a translational stop codon. The overlapping primers 523 and 524 destroy the internal NcoI site and introduce a unique BssHII site without affecting the amino acid sequence. Both parts were assembled as NcoI-BssHII fragments in a modified pUC vector and further subcloned as an NcoI cassette in the expression vector pTKgpt-selP (26), resulting in pTKselP-tSpME. The prM/E gene cassette used in the plasmid constructs contains (i) the putative signal sequence of prM starting at position 412 and (ii) the coding regions for the prM protein and glycoprotein E, including its two hydrophobic transmembrane domains ending at position 2439 (numbering according to reference 20).
(ii) pD4-vA. A 4.4-kb PstI/NotI fragment was excised from plasmid ptk-vA (27) and cloned into PstI/NotI-cleaved pD4Rf (14) . The 4.4-kb insert codes for a lacZ and gpt (guanosine-hypoxanthine phosphoribosyltransferase) gene marker cassette flanked by tandem repeats of phage X sequences to allow for transient dominant selection (9, 27) . The resulting plasmid was named pD4-vA.
(iii) pD4-prME. The 2.2-kb HindIII-NotI fragment, containing the TBE virus prM and E open reading frame (ORF) controlled by a strong early/late promoter (4), was excised from plasmid pTKselP-tSpME and inserted into the corresponding restriction sites of pD4s (13) , resulting in pD4-prME.
(iv) pVV-21. The vaccinia virus thymidine kinase (tk) gene region of the WR strain (bases 83621 to 84761; numbering according to reference 10) was inserted counterclockwise between the PvuII sites of pTZ19R (Pharmacia, Inc.). Bases 84718 to 84738 were deleted by a PCR-based mutagenesis procedure, resulting in pVV-21.
Construction of viruses. (i) vD4-vA.
Twenty micrograms of pD4-vA plasmid DNA was transfected into vaccinia virus WR-infected CV-1 cells and further processed as described previously (8) . Plaque assays were performed with the complementing cell line RK-D4R-44.20 under GPT selection according to a transient dominant selection protocol (27) . Three isolates, designated vD4-vA#5, vD4-vA#6, and vD4-vA#13, were grown to large scale in the complementing cell line.
(ii) vD4tk-ZG and vD4-prME. Twenty micrograms of either ptk-ZG plasmid DNA (13) or pD4-prME plasmid DNA was transfected into vD4-vA-infected RK-D4R-44.20 cells. Four rounds of plaque purification were performed in the complementing cell line under GPT selection and blue plaque screening (3) .
(iii) varec280. The virus was constructed according to standard protocols using GPT-and TK-negative selection (8, 19) using plasmid pTKselPtSpME and the vaccinia virus WR strain as recombination partners in CV-1 cells. The viruses used for the vaccinations were grown in large Roux bottles, and cell-bound virus was prepared by trypsinization and centrifugation through a 36% sucrose cushion as described previously (17) . No prM/E antigen was detectable in the virion preparations by Western blot analysis.
Western blotting. Expression of the prM/E protein by the vD4-prME recombinant was assessed by Western blotting. Infections were done at a multiplicity of infection (MOI) of 0.1 for 72 h or at an MOI of 1 for 24 h. A total of 5 ϫ 10 6 RK-D4R-44 cells or RK13 wild-type (wt) cells were infected with vD4-prME. Infections with the replication-competent recombinant varec280 expressing the prM/E gene were performed in the cell line of interest; 150 ng of glycoprotein E from purified TBE virions served as a positive control. prM/E protein-specific bands were detected with an equal mixture of the anti-glycoprotein E monoclonal antibodies A3, C3, W3, I, N, R, and S (Immuno AG), used in a 1:100 dilution. The second antibody was a 1:2,000 goat-anti-mouse alkaline phosphatase-conjugated immunoglobulin G (Sigma Inc.).
Assay for replicating virus. Confluent monolayers of RK13 cells grown in 10 Roux bottles (2 ϫ 10 8 cells) were infected with 2 ϫ 10 7 PFU (0.1 PFU/cell) of the respective defective viral stock and grown in serum-free medium for 3 to 4 days. Plaques of replicating viruses were readily detectable, if present, after staining with crystal violet.
TBE virus neutralization test and antigen ELISA. The prechallenge sera of the mice, pooled according to the grouping of the animals, together with a positive control anti-TBE serum, were diluted 1:5, 1:20, and 1:80 with TCM199 medium (Gibco BRL) and incubated with 2 volumes of a standard TBE virus suspension (10 3 50% tissue culture infective doses/ml in TCM199). After incubation for 2.5 h, the neutralization mixtures (100 l/well) were layered over confluent Vero cells grown in 96-well plates (8 wells per dilution). The mixture was further diluted 1:10 three times, and the cells were incubated for 7 days under standard conditions to allow virus growth. The neutralization titer, defined as the antiserum dilution that neutralizes TBE virus growth in 50% of the wells, was determined according to reference 18. Since TBE virus does not form plaques, the antigen content in the cell culture supernatant was determined by a TBE virus antigen enzyme-linked immunosorbent assay (ELISA). Micro-ELISA plates coated with guinea pig anti-TBE immunoglobulin G (Immuno AG) were incubated with the virus-containing samples and the controls. After 1 h, the wells were washed three times with phosphate-buffered saline (PBS) and incubated with a 1:1,000 dilution of rabbit anti-TBE serum (Immuno AG) for 1 h; after a second wash (3ϫ PBS), the plates were incubated for 1 h with an anti-rabbitperoxidase conjugate (Chemical Accurate, Inc.). After a third wash step (5ϫ PBS), the peroxidase substrate was added for 15 min.
Animal protection studies. Groups of 10 mice (CD1 strain; Charles River, Inc.) were immunized intramuscularly, subcutaneously, and intraperitoneally with a single dose of 10 2 to 10 6 PFU of purified virus (see Fig. 5 ) resuspended in PBS. After 19 days, sera were collected and pooled according to the grouping of the animals. Twenty-one days later, the mice were challenged by an intraperitoneal injection with 100 50% lethal doses (LD 50 ) of virulent TBE virus (strain Neudörfl). Unprotected mice usually began to die 7 days after challenge; survivors were recorded at day 21 after challenge. A dose-response experiment with increasing TBE virus concentrations in nonvaccinated mice was done in parallel to the challenge experiments to confirm the validity of the LD 50 titer.
In vivo replication experiments. Groups of five mice (CD1 strain) were immunosuppressed (according to reference 30) by intraperitoneal injection of cyclophosphamide (0.2 ml of a 20-mg/ml solution in PBS per animal) at days Ϫ2, ϩ1, and ϩ4. Virus varec280 or pD4-prME was injected intramuscularly at day 0 (10 6 and 10 8 PFU). At 3, 5, and 7 days postinoculation, total spleen and muscle (injection site) samples were washed and resuspended in PBS, homogenized, and trypsinized. Fetal bovine serum was added, and serial dilutions were titered on CV-1 cells or RK-D4R-44 cells. The marked atrophy of the spleens in the cyclophosphamide-treated mice was an indicator of immunosuppression.
Quantitative vaccinia virus PCR. Genomic equivalents of vaccinia virus DNA were determined by gene scanning of fluorescence-labelled amplicons relative to an internal standard (11) , with the following modifications. Total spleens or muscle were removed, washed once in 4 ml of PBS, and homogenized. A 250-l sample was mixed with 80 l of proteinase K mix (11) and 300 copies of pVV-21 internal standard, and water was added to a final volume of 500 l. Incubation was done at 56°C for 30 min, followed by standard DNA extraction and precipitation of DNA using glycogen as a carrier. The DNA pellet was dissolved in 50 l of water; 10 l of the extract was amplified at hot-start conditions in a 50-l reaction volume containing 2.5 U of Taq DNA polymerase (Boehringer Mannheim), deoxynucleoside triphosphates at 200 M each, primers opr1-f/B FAM (5-carboxyfluorescein; Applied Biosystems, Inc.)-labelled 5Ј-ATATTAGATG GTG CCACCGTAG-3Ј and opr1-r/B 5Ј-AAAATAGGAT CATGATGGCG-3Ј, and 1.5 mM MgCl 2 -10 mM Tris (pH 8.3)-50 mM KCl. PCR was performed (thermocycler type 9600; Perkin-Elmer) for 33 cycles, each cycle consisting of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s, followed by final incubation at 72°C for 10 min. To determine the PFU/particle ratios, the virus samples (dilutions of 100, 10, 1.0, 0.1, and 0.01 PFU in Tris-buffered saline-1% bovine serum albumin-0.1% Nonidet P-40, [pH 8.0]; original stock sonicated before dilution) were digested with proteinase K and treated as described above. The PCR products of internal standard and wild-type template (116 and 137 bp in length) were quantified after separation on sequencing gels using a 373A DNA sequencer and Genescan software (Applied Biosystems, Inc.).
RESULTS
Construction of the basic defective vaccinia virus expression vector vD4-vA. Since the prototype vaccinia virus deficient in the gene coding for the DNA repair enzyme UDG (14) already contained marker genes, it was not suitable as a vector for further gene insertions. We therefore constructed a new defective vaccinia virus vector lacking marker genes, termed vD4-vA, using a transient marker stabilization procedure (27) in the complementing cell line RK-D4R-44 (14) . First we generated plasmid pD4-vA, in which the Escherichia coli lacZ and gpt marker genes are located between 450-bp DNA repeats that are flanked by sequences of the D4 gene. Upon recombination, the flanking regions direct the markers transiently into the viral D4 locus, resulting in a marker gene-free and partially deleted D4 locus. Southern hybridizations with a D4R-specific probe confirmed the genomic structure and the purity of the defective virus (data not shown). Due to the deletion of D4-specific sequences and the insertion of one of the 450-bp repeats, the D4 locus of vD4-vA is about 100 bp larger than the corresponding wt gene region. A map of the D4 gene region and the modified D4 locus in viruses vD4-vA and vD4-prME is shown in Fig. 1 .
The defective virus grows in complementing cells as efficiently as does the wt strain. Among the critical parameters for the use of vaccinia virus as a vector are growth and stability of the virus. Therefore, growth of the basic construct vD4-vA in the complementing cell line RK-D4R-44.20 was compared to that of the WR wt virus in RK13 cells. The cells were infected with an MOI of 0.01 and harvested at different time points between 8 and 96 h. The yield of the defective virus vD4-vA, after an incubation period of 96 h in complementing cells, approximated that of the wt virus in RK13 cells (Fig. 2) . The growth of the D4R defective virus was not negatively affected, approaching the same titers as obtained with the WR strain. Furthermore, the virus could be purified by standard protocols (17) without substantial loss of infectivity. Thus, we obtained a defective basic virus vector with excellent growth properties in the complementing cells that was physically stable and easy to purify. The virus vD4-prME (see below) grew to lower titers FIG. 1. Map of the D4R gene regions in wt vaccinia virus (WR-wt) and in the defective viruses vD4-vA and vD4-prME. In vD4-vA, the D4R ORF is partially substituted by a 400-bp DNA fragment of phage X. In vD4-prME, the substitution comprises the TBE virus prM/E, lacZ, and gpt ORFs. The direction of transcription is indicated by arrows.
than the parental strain vD4-vA (Fig. 2) ; since this depression in titer was also observed with the replicating virus varec280 (data not shown), the phenomenon is presumably insert specific. The characteristics of the viruses used in this study are shown in Table 1 .
Early gene expression in D4-defective viruses under abortive conditions. In the UDG-defective viruses, early proteins accumulate to time points exceeding 8 h postinfection (14) . Since the duration and extent of expression of a nonreplicating live vector is presumably critical for its vaccine properties, early protein synthesis was examined under noncomplementing conditions. Expression of the E. coli ␤-galactosidase (␤-Gal) gene (22) was used as a reporter system to evaluate the time course of abortive protein synthesis. Two defective viruses expressing ␤-Gal were used in the study: vD4-ZG, with the lacZ insert in the D4 locus (14) ; and a newly constructed virus, vD4tk-ZG, with the lacZ insertion in the tk locus of virus vD4-vA (Table  1 ; Materials and Methods). As shown in Fig. 3 , early gene expression in cultures infected with 10 PFU per cell resulted in ␤-Gal levels that reached a maximum 24 to 48 h postinfection in nonpermissive cells and could still be detected after 120 h. Earlier experiments had shown that from abortively infected nonpermissive cells, no replicating defective virus could be rescued in complementing cells, confirming that the input virus is slowly degraded and finally disappears; the maximal ␤-Gal levels under nonpermissive conditions were 25 to 30% of the levels induced by the replicating reference virus vtk-Z. The different genomic integration loci of the ␤-Gal gene in vD4-ZG and vD4tk-ZG had little influence on the expression levels.
The relatively high expression under nonpermissive conditions prompted us to use UDG-defective viruses as live vectors for the delivery of antigens.
Expression of the TBE virus prM/E protein. The next step was the construction of a defective and a replicating control virus expressing a vaccine antigen. The membrane-bound TBE virus prM/E protein was chosen as a model antigen because prM/E proteins are good immunogens in many flaviviruses (32) . Moreover, the coding region of this protein is free of vaccinia virus early transcription stop signals (34), a prerequisite for efficient early expression (7) . The precursor of the prM/E open reading frame is a fusion protein which is processed into the M and E proteins, both of which are sufficient in many flaviviruses to induce a protective immune response. To generate the D4-defective virus expressing the TBE virus proteins, plasmid pD4-prME was inserted into the defective virus vD4-vA, resulting in virus vD4-prME. The replicating reference virus was constructed by recombination of plasmid pTKselPtSpME into the tk locus of the vaccinia virus WR strain, resulting in the TK-negative virus varec280 (Table 1 ; Materials and Methods). Both viruses contain the same foreign gene cassette in which the TBE virus prM/E ORF is controlled by a strong early/late promoter (4). The viruses were used to infect complementing and wt cells, and expression of the foreign gene was examined. As shown by Western blot analysis, the defective virus vD4-prME induced in the complementing cell line, after an incubation period of 72 h, slightly higher amounts of the membrane-bound foreign protein than did the replicating varec280 virus in RK13 cells ( Fig. 4A ; compare lanes 2 and 3 with lanes 5 and 6). The prM/E fusion protein precursor (Fig. 4A, lanes 2, 3, 5 , and 6; upper arrow) is proteolytically processed by cellular proteases into the mature glycoprotein E (lanes 2, 3, 5, and 6; lower arrow) and further cleavage products. As quantified by scanning of the Western blots (data not shown), in noncomplementing RK13 cells infected with an MOI of 1.0, the expression level of the defective virus reached about 10 to 20% of that of the reference level (Fig. 4B) . Expression was not detectable in nonpermissive cells infected with 0.1 PFU/cell, suggesting that expression levels depend on infection dose.
The defective virus induces protective immunity more efficiently than does the replicating control. The relatively high levels of expression under noncomplementing conditions indicated the potential of the defective viruses as vaccine vectors. The potency test of a conventionally produced inactivated whole-virus TBE virus vaccine was used to evaluate the immunizing properties of the defective virus vaccine (see Materials and Methods). Groups of 10 mice were immunized with a single dose of 10 2 to 10 6 PFU by different routes (Fig. 5 ). Twenty-one days later, the mice were challenged with 100 LD 50 of virulent TBE virus. The mice receiving the defective virus vD4-vA alone were not protected. The animals receiving the prM/E antigen-producing viruses, however, were protected against lethal challenge to different degrees depending on dose, route of administration, and type of vaccine virus. Surprisingly, the most efficient protection was achieved by intramuscular injection of the defective virus vD4-prME. A single dose of 10 4 PFU was sufficient to induce full protection (Fig.  5A) . With the replicating virus, full protection was achieved with 10 6 PFU. Upon subcutaneous administration of the vaccine virus, full protection was seen with 10 6 PFU of defective virus. With the replicating virus, full protection was not obtained in the range of titers tested (Fig. 5B) . With the intraperitoneal route, full protection was achieved with the defective virus at 10 5 PFU/ animal and with the replicating virus at 10 6 PFU/animal (data not shown).
Estimation of the PFU/particle ratio of replicating and nonreplicating virus stocks. An interesting parameter to characterize a virus stock is the ratio of infectious units (PFU) to total viral particles, which is dependent on many factors, including virus strains, host cells, growth conditions, and handling and storage of virus stocks. The viruses used in this study were grown in rabbit kidney cells (varec280 in RK13 cells and vD4-prME in RK13-derived RK-D4R-44 cells) and purified by spinning infected cell lysates through one sucrose cushion (see Material and Methods). The defective viruses were titrated on the complementing cell line RK-D4R-44, whereas the replicating virus (varec280) was titrated on CV-1 cells, because this cell line is among the most sensitive for titrating replicating WR-derived vaccinia viruses. The varec280 and vD4-prME stocks had comparable titers, 1.0 ϫ 10 10 and 0.5 ϫ 10 10 PFU/ ml, respectively. To compare the amounts of total virus in the stocks, 2.5 ϫ 10 7 PFU of each virus was analyzed by Western blotting with rabbit anti-P11 antibodies (26) to detect the virion phosphoprotein P11. The blot confirmed that about equal amounts of P11 were present in both vD4-prME and varec280 stocks (data not shown). In addition, the genomic equivalents of the virus stocks were determined by a quantitative PCR assay. The virus samples and an internal standard were coprocessed by using fluorescence-labeled primers; the amplicons were separated on sequencing gels and quantified by laser-induced fluorescence (see Materials and Methods). In both vD4-prME and varec280 virus stocks, PFU/genomic equivalent ratios in the range of 1:20 to 1:50 were measured. Assuming that one genomic equivalent corresponds to one particle, the two virus preparations did not differ significantly in PFU/particle ratios.
Virus neutralization titers correlate with protection. Since neutralizing antibodies play a central role in TBE virus immunity, sera collected at day 19 postvaccination were assayed for neutralizing antibodies (Materials and Methods; Table 2 ). A neutralizing titer of 1:10 is considered to be protective in humans. No protective neutralizing antibody titers were obtained after vaccination with the defective control virus vD4-vA; with virus vD4-prME, however, neutralizing activity was observed at vaccination doses (intramuscular route) as low as 10 3 PFU per animal (Table 2) , correlating well with the protection experiment (Fig. 5A) . Neutralizing antibodies were also obtained with the replicating virus varec280; for unknown reasons, the titers were not as consistent as those obtained with the nonreplicating virus.
In vitro and in vivo reversion. The reversion rate to wt virus and the persistence of the inoculated virus in the host are important safety aspects of a defective vaccine vector. Therefore, we performed a sensitive in vitro assay (see Materials and Methods) from which, when the results are negative, it can be concluded that a stock contains less than 1 replicating virus per 2 ϫ 10 7 defective viruses. In this assay, our vD4-prME stock used for the vaccinations did not contain replicating virus.
Attempts to isolate replicating (revertant) virus were also performed in the vaccinated host. Mice immunosuppressed with cyclophosphamide were infected with the nonreplicating vD4-prME and the control virus varec280, and titration of muscle and spleen samples were performed (see Materials and Methods). With the maximal dose of defective virus used in the vaccination experiment (10 6 PFU), no replicating virus was detectable in muscle (site of inoculation) or spleen. With a dose of the defective virus 100-fold higher than that used for the vaccinations (10 8 PFU/animal), replicating virus was found in the muscle (site of inoculation; 10 2 /muscle) in 1 of 15 mice but not in the spleen. Sequencing the D4R locus of this isolate revealed that this virus had a wt D4R gene, indicating that it was a rare contaminant (present in the virus stock below the detection limit of the in vitro reversion assay) rather than a revertant, confirming that reversion in the vaccinated host is an extremely rare event.
Clearance of the vaccine virus in the immunosuppressed mice. Titering the vD4-prME-inoculated organ samples in the complementing cell line allowed comparison of the clearance kinetics of the defective and the replicating viruses. From an inoculum of 10 6 PFU per animal, no defective virus could be isolated from muscle (site of inoculation) at day 7, while the varec280 titers remained high (Fig. 6A) . In the high-dose experiment (input of 10 8 PFU/animal), residual 4 ϫ 10 3 PFU of vD4-prME was found in muscle samples at day 7. Hence, in both experiments, the titers of the defective virus dropped by more than 4 logs within 1 week. In a similar experiment, the immunocompromised mice inoculated with the replicating virus died from day 8 on, but those receiving the defective virus survived (not shown).
Since almost no defective virus could be rescued from spleen samples, even at the high input dose of 10 8 PFU/animal, the same samples (see above) were screened by quantitative PCR for biologically inactive virus in spleens of the immunosuppressed mice that had received the intramuscular dose of 10 8 PFU of defective virus (see Materials and Methods). Substantial amounts of vaccinia virus DNA were found in the spleens, suggesting uptake and transport of the virus particles into the spleen by macrophages. Low amounts of defective virus titratable on complementing cells were detectable only on day 3 (Fig. 6B) .
DISCUSSION
The concept of "nonreplicating" recombinant poxvirus vectors as vaccines was first described in a study using avipoxvirus recombinants to successfully vaccinate nonpermissive hosts (31) . In avipoxvirus-infected monkey and human cell lines, early and late gene expression as well as replication, including viral morphogenesis with the production mainly of immature particles, was observed (28) . Nonreplicating poxvirus vectors further include genetically engineered attenuated vaccinia virus strains (30) or classically attenuated viruses, such as the modified vaccinia virus Ankara (MVA) vaccine strain (1, 21, 29) . As seen with nonreplicating avipoxviruses, in MVA, expression proceeds through the late phase and virus production is aborted in the vaccinated host.
Nonreplicating late defective vaccine vectors are novel and allow the contribution of early gene expression to the immune response to be evaluated. Late defective viruses, including vD4-prME and corresponding temperature-sensitive mutants at the elevated temperature, do not produce detectable amounts of late gene products and do not replicate their genomic DNA (14, 23) . Upon infection of nonpermissive cells, early gene expression in cell culture is measurable over several days. As shown in this study, full protection after a single vaccination with vD4-prME was observed with viral doses as low as 10 4 PFU. At least a 10-fold higher dose was required with a corresponding replicating virus.
In this connection, the ratio of infectious virus to total viral particles in the virus preparations is of interest. A Western blot analysis of equal amounts of infectious units of the viruses resulted in bands of similar intensity; in addition, quantitative PCR analysis revealed similar PFU/particle ratios. Therefore, the replicating and the nonreplicating viruses do not differ significantly in PFU/particle ratios.
Surprisingly, a single dose of 10 3 to 10 4 PFU was sufficient to induce significant neutralizing antibodies. The antibody titers, however, were relatively low and did not increase much depending on the vaccination dose. This may be explained by the experimental design of the protection study. The mice were immunized by a single dose, the serum samples were taken 19 days later, and challenge was at day 21. It is conceivable that boosting with a second dose of virus or with a conventional TBE vaccine would result in much higher neutralizing antibody titers. Since replicating virus was not detectable in the vaccine preparations used for immunizations by in vitro and in vivo assays, early gene expression was sufficient to induce a strong protective immunity in the murine TBE virus challenge model. Therefore, defective viruses expressing exclusively early genes, though not spreading within the host, allow efficient presentation of antigens.
As shown previously, only early vaccinia virus gene expression efficiently induced a cellular immune response (5, 33) . In addition, only viruses expressing a tumor-associated antigen under the control of an early promoter were effective candidate cancer vaccines, probably due to the interference of vaccinia virus with the major histocompatibility complex class I presentation late in infection; this effect could be correlated with poor vaccinia virus late promoter activity (abortive expression) in professional antigen-presenting cells, which are necessary for efficient T-cell stimulation (2) . Consistent with the results obtained in our study, early gene expression is sufficient for an efficient cellular immune response. The unique difference of our study from previous ones (using early or late promoters to assess the relative contributions to the immune response) is that the immune response is determined in the absence of vaccinia virus late proteins, which also include immunomodulatory molecules. Early antigen expression and lack of immune modulation by late genes seems to be a favorable property of the defective vaccine vector system.
The development of more efficient vaccinia virus vectors is desirable because the dose of vaccinia virus vectors in humans required to elicit an immune response is higher than that required in mice. A critical safety parameter in this context is the rate of reversion of a defective virus to a replicating one, which should be as low as possible. Since vaccinia virus does not splice RNA, reversion of the defective vaccinia virus vector in the vaccinated host by uptake of a cellular UDG gene would require a retrotransposition event or an accidental superinfection with a virus carrying a suitable UDG gene followed by an illegitimate recombination event. A more trivial source of replicating virus is external contamination. In the first generation of defective viruses, vD4-vA and its derivatives, the central part, but not the entire D4R ORF, is deleted. Therefore, the genomes of the complementing cell line and the defective virus share homologous D4R sequences. Since vaccinia virus replicates in the cytoplasm and the potentially complementing UDG cDNA is located in the nucleus, a low reversion rate in the complementing cell of the defective virus was expected. In fact, revertants were observed occasionally; 50% of the viral stocks contain about 1 revertant per 10 6 defective viruses. The virus stock used in this study contained less than 1 replicating virus in 2 ϫ 10 7 defective viruses, as judged by an in vitro assay; the more sensitive in vivo assay using immunosuppressed mice, however, revealed a low contamination with replicating virus (approximately 1 replicating in 10 8 defective viruses). Since the maximal dose injected into the mice was 10 6 PFU, the virus dilutions used for the vaccinations were practically free of replicating virus. To eliminate the only practical relevant source of reversion, reversion by homologous recombination, the next-generation UDG-defective vector, termed eVAC-1, does not share homologous sequences with the host cell (15) . Nevertheless, in contrast to the replicating virus, the defective virus was rapidly cleared in immunosuppressed mice, confirming its enhanced safety.
An important aspect of this study was the excellent growth of the basic defective virus in the complementing cell line and its stability during purification and storage, allowing efficient production of potential vaccines based on this virus. Together with the excellent immunizing potential, UDG-defective viruses are promising nonreplicating vaccine vectors. Furthermore, our current knowledge regarding the structure and function of poxvirus immune evasion genes will serve as a basis for the improvement of future nonreplicating vaccine vectors.
